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Theoretical Study of a High-Extraction Efficiency Undulator

for a Frm-Electron J,aser Oscillator*

Ilarl]nori Tiiliocia, [Irian D. \lc\’cJ’, John C. Goldstein

1.0s ;fla IIIos Xational Laboratory

hlS E531, 1,0s ,ilarnos, Nhl 87545

Thcorc[ical issues in designing a higll-(’xtract ion cfflcicncy undulator for a free-electron

laser oscillator art) discussed. ,4ssu[]]ir)g tlla[ an urldl]lator s)’stem co]]sists of a prcbuncllcr

undulator and a main unrlulator svpariitcd b:~ a drift, design criteria of the un(apercd

prcbunc]]cr iirr studied. The rl]ain urlrlulator is designed paraboiical]y tapered in wave

nl]ml)cr from no taprr to a 30(7) taper. A small signal gain is enhanced at the low taper

~(,cti[)r], arl(] 111(1]ilrg(, signal gail) is CIIII;II)C(Idat t}lc high taper section. To optimize the

():)(’rat ion of tliis ])r(!l~~l]i(ll(’rS)S[(IIII, (~l(lc(rorl dvnamics in phase space from the prcbunchcr

10 Itic rllai]l ullll~llator is sll](li(’d. ‘1’o(1(’lllor]strate the adl’antagc of having :hc prcbunchcr,

(or]ll~,]risor]sof III(Ivxtrilct io]i (’flicivrlc~ ar~d thr gain arc performed hctwwr] t}Ic prcbuncher

S)SlCIII iind [])(I S)SICIII I!itll 1]1(’])r(’l){]l)c])vr rcrnovd. The optimiz(’d prcl){]nchcr sJ’s(~I:rI

is tt](’rl t(IsI(Id for t]~c si(l(’l)al~(l il]s(al)i]it! wi(ll IIlorc COIII])I(IXor]c-di!l](~rlsiollal” FE], cod(Is

that assurr~r a fillitr (Ilwtroll ])IIIS(I ill](l ii firlitv li~~(~l l) IJlsr Iv]]gth, T})c electron 1)(’iill)

(Ir]litla!lcc rc(lllircr])(’nt is slll(li(’(1 usirlg ii tllr(’(’- (!ir]](’llsi(~rlal l;l; l. sirr]lll~~iorl coclc.

1. lIIt ro(lllc! iotl.

‘1’()(iwi~l) a lligll-(’xl rit(’lioll (’fliri(’llr! I]rlflllltilor. \W’ (’x])lor(” H l)ilril l)oli(ll]l J” liil)(’r(’(1

Illl(llll;lt(]r illl(l il I)llr)(l (’r (1(’vic(,111;11;Illl lost (Iollt)l (’s It)(’ (’flifi(~llcy illl(] giiir] 1)~ ])r(’l)l]~)cllillg



the electroI: micropulsc into subpulses pcalied at every lzser wavelength. We discuss the

design of the prchunchm. which is ptatcd upstream from the undulator, and study eficcts

using pr(~grrssivcl~’ more complex cmr]putrr codrs,

Thr prcl)uncl](~r systcrn drscrilwd h(’r(~. which is SIIOJYIIin fig. 1, is one variat ior]

of the n]l]llic(~rlll)(~n(’~lt und~]li]lor dc~clo~)(~d t)}”C. S}lil] al](] Nf, Caponi [1/ and used in

th(’ TR\f’ ‘Stanford (~x])(’rim(’l]t !2 ‘1’11(~Il]i]i[l portion of ttl(’ undulator is ccntcmd in the,.’

optical cavit~’. The pro[)ul]ch(ir is pl;Ic(I(l at a c(’rt ain dist;i]l(-c from th(~ end of the main

ult(]ulittor. llwiius(~ [IIC CJiil]ssiiir) oI]ti(. iil 111()(1(’(~~l)i]l](l~ fror]l I}IC\vaist at I]lc center of the

main undulator, tll(’ pr(’bunchm r(’(lllir(’s a \\i(l(’r a~)(’rtur(’ than th(’ aperture of the main

undu]iitor.

\3’c d(”rit(’ a (I(tsign with the’ r(quir(d ])r(}l)un(ll(~r ul)du!ator r]]ii~~l(’t gap to clrar the

()[)[ical M’iiVCand also fiIId III(I prct)ul](-h(’r ])liic(”lIlcnt wit]] rcsp(’ct to tllc main undula[or.

‘J-II(W,w(’ prwcl)l thr results of rum lvith on(” dirmnsional (1-1)) simulation programs to

r;llcu]atc t.hc cffi(.i(’]lcy and gi]irl, ‘]-o rl(’l]]onstratc the pcrform;incc of the bunchcr concrpt,

a corl]]mrisol] to [I](I silll~)l(’ lll;lifl- l]ll(ill liltor-olll~” Configuration” is n]ad(’ l)y removing th~

pr(*l)l]l)ch(*r.

\l’11(111tl](* i]lt(!l]si[!’ of t]lc Ias(’r i]]cr(!ils(~s il) []IC oscilliltor rirl”it}’ SUCII that th(’r( is

al)mt 011(’syllchrotr on” (NKil]illioll l)rrs(’llt wl]ik (’1(’ctrons I)ass lllrol]gll Itl(’ nliiin Ull(llllill or,

th(’ ~fT(}~tsof si[l(’l)ill](ls t)(l(olll(” sigl)ifi(ill)t, ‘1’()StlOW tt)(’ 1)(’rfo, Illilll(”(’ Of t.h~ COII1])OIIII(I

unddliitcrr I]])(l(’r III(I il)flu(’r]c(’ of si(l(’l)all(is, (~fIici(*l)cy all(l giiil) ar(’ CitlClllilt(’(1 with rIlult i-
,

])MS Sillllllillioll l)rogrilTnS /3,. ‘l’t)(* (’lcclrorl and ol]ticiil ]~llls(’ Sl)ill)(’S ilr(’ includrd, ‘1’11(’

(Itr(irts of (’1(’(t roll -1)( ’illll (’ll]itlilll(”(’ 011tll(’ (’fli(i(’ltcy illl(l 011 11)(’ ~ilill iir(’ Ciil(’lllilt(’(1Ilsillg il

tllr(’(i (Iilll(’llsiollill 1“’I’:1,I)rt)grilf]l
,.
,4 . l~l’;l, ]Idr;lrl](’[(’rs Ils(’(1 ill tll(’ (’ill(’lll;ltioll ilr[’ stloWll ill

till)l(’ 1.



2. Gaussian ~mde roquirm]cnt.

urlduiiii or) iiIId the hram rii(iius 11”(:) at an! 2 lltrough the Ra~]cigh range bR :

11”(:) H,,,;l , (;:,)2 . (1)

Assull]ing a 10(1 c7t1 r,:ain ulldula[or wil}l IIlt ~g.kj (-7,/ , 11’,, .= 0.]5 cm, and, assuming

thtI ])r(*l)l]]lcli(’r is l)liic(~d It; I(J to c771 frolll tl)(I I]lili]) ulldl]lator. tl]c 1)(1~111expands. at most ,

to il ra(iius of [).:{ r7tI at 1]1(’ (Inlriil]cr 10 [I)(* ;Jrclll]]lcl]or ulld~]lator. il]cludir)g room for

11](’Iving of th(’ ti;ll]ssiiin (J])lical (li,5tri l~l]li(Jrl. i] ])r(’lllll)ch(’r Ivilll ii O.(i C711ritdius apcrtuw

should 1)(’sl]f!ici (’111,

‘1’1](’])r(ll)ullcll(’r I)ll(llil;ilor alI(l tt)r I])iiill Ull(l Ulill Or must satisfy tll(’ san]c rcscJnar]c(*

(.orlditiol] wit]) i(l(’t][i(ill lil!l](l~ of (iilr)(’r]siorll(’ss (wcrgy q and li~~~r wai’(’l(}r]gth Al,. \l”(I

a~!.11111(’Illil[ tll(’ Ill;lgll(!l (“ollfigllr iitioll” is t]l~ Ilall);l C}ltJ’1)0 ~5j: (’il(ll 1)1OCk is 5 ~ll?ll X

5 fritrt (I)lork 11(’igllt: h 0.5 C711, I)iock m’i(lth: u’ -I 0,5 C?li) ill](l I]lc prcbunrh(’r is

(ollsl rlic[o(l ;\ill) ii ~“(’rlicdl S(’])ilrilliol] of 2// illl(l il lloriz,ol”

ccnl(’rs of III(I l~l(wk:. of Au. ‘4. w’1](’r(’A,, is III(I ull(lul;llor

}ir S,72 k{; is ;15sII111(*(I,

‘1’}10 r(’s[lllilrl(’f’ corl(liliorl” iil)(l tll(’llilllJilCll forlrllllil iir(’

la] scpitrtil ion h(’t~v(wrlsurc(’ssiv(’

wriod, A r(’ll]llar~[ ll]il~[]~t ic Iirl(l

/1,,
II

N l),r ‘“ “ sir] ~k,, (1 (’ “’”1’),
n

(’J)

(:{)

}/,,. ““ ,, A’,, ,‘()(::,.M-~,,-~ (.1)



.

Substitl]ting n,,, fromeq,(4)in eq. (3), we sec that

—.. —..__

\l”(’ can SOIV(’ (’ q (t:)) ror tllc \\il~”C nurr]bcr

the undulaior wal(jlcllgtll A,, is I)lotI(d against

3.04S cm. a 12(:; incr(’asc ill \vii\(Il~IIIglII over t hc

k,,. ;I1 a gi\”cn h numerically. In tig. 2.

tht’ }lalf Wp h. Al h =- 0.6 cm. Au, is

Tl]iiir) ul](lllliitor. ‘xhich l]as h = ().44 cnt

and A,, = 2.73 c7n at lh(’ 1~(’girlllir]g. ,f]so. t })c nl;lgnct ic fi(’1(]BU, cm axis at each half gap

h is SIIOJVIIin fig. 2. It SIIOWSt]]at at h ().(; (-?)/. 11,, 2.(M3 A-L’. [:sing B., and Au, in

the 1-1) COCI(’, fvt~ op[in)izc tt]r dis[nncr wl)(’r(t tlIc pr(il)i][)cl)cd c]w[ron bca]nlcts arc WC]]

Irappcd ill 111(’C(”l]lrr of 11)(’ rrr(’i~ir]g Iluck(’1 of [II(’ Illilill unduldlor,

4. Ca~lturc optill]izatio]l” usi])g tlI(* ol~(’-(]iltlo]]sir)]l:~l FELP c(j(lc [3].

‘rhc ~)osit iol] at tvl)i(h III(J unifollll ])r(’llllnch(’r undulat or shoulcl be place’d is sensitive

10 tll(’ a(”lll ill (’l(’(l roll ])tIll I 1(’llglll I)(’l\\’(’(’l)III(* ])r(’t)unchcr and the n)iiin undulator. 13(1-

~illl~() ii roil] ~ll)(]l]liilor has sofl-(’(]g(’(] frillgo fi(’](!s al [Jotl I (’i]lriill(’(’ and (’xit, t]]~’distan((’

that giv(’s 111(’ IJ(ISI (Jfli(’i(’llcy as Cill(’lllilt(’(1 will] III(I ])rogrtim l;l’;l.l). w’hich MSIIIYICS aIl

al)ru~~t cIIt(~lTor III(I Ii(’l(l. II I;I! 1101 (’xil~ll) r(’l)r(w’r][ tt](” oplilnum s(’[til]g of th(’ r(’al cx -

p~’rill](’111,llo\\t’vvr. \vlI(’11[II(I (liSlilllC(’ is ])roiwrl~ il(ljll%l(~l in th(’ (Ixl)(’lill)cnt, th(’ Cil])lllr(’

(’f!ici(’rlcy illl(l lil.~f ’r g,lill, i15 \Vt’11 il~ fl)(’ ca])lur(’ j)ro((’SS, slI~IIIld IW corr(’cl to ttl(’ (’xl(sIIt

thal ttl(’ oll(’-(li lll(’llsi(lllill Irlo(i(’1 is \’illi(l.

11’(’ rlsslllll(’ fll(’ (’11(~1~~’ Of tl)(” (’1(’rtrofl 1)(’illll to 1)(’~ 42,0, fllll (’1~(’rgysj)rvfi(l 10 I)({

l(~;. tll(’ (’lwlron II(I;IIII (urr(’111 (() I)(* IT)(I A. illl(l tll( 1(’ligtll of Itl(’ I)r(’l)ull(’1)(’r (ulliforltl

1111(111lilt or) 1(1 t){’ /’. I,lirl (; (’11/, ‘1’11(1 ol)lillli?; ll i(~ll WilS ]wrfol 11)(’(1ilwlllllillg all ~lilrllsit}

1,:1 s 1011 ll’ (’?)/: ;11III(I ()])li(’ill \V;liSt, ‘1’11(’I]l;lill Itll(llll;ll[)l is :15SII’1111(11.()ll;L\’(’n I)ilrill)l)li(’

Ial)(’r \\itll ;I \\’iI\’(iIll]llllj(’r giv(’1] 1~)

k,,(:) L,((),[l ,[).:101:1(,,:,)2]. ((i)



The initi,ll electron distribution in the longitudinal phase space is assumed to b(’

uniforln in p}lasc. IMining a bunch capture distance L~,, Jf a% the separation betwwn

the downs[rcanl rnd of the prebunch(’r and thr upstreanl cnd of the main undulator, the

distanc(’ LJ,, ff is opt ir]]imd so that th~ higllmt efficiency is achieved for each bunch capt ur(’

windmv. TIILWIwindn\vs arc located aI ;ipproximat(’]y every prchunchcr period: howcwr.

bcrause the phaw shift of the lmwr clcp(’ncls on th~ LUIICIIcapture distance, the windows

arr not spaced exactly at every prebunchcr p(’riod. Nu]ncrica] sir]]ulations show that th~

iipturc wir~dotvs open at capture distancm, for cxii IIII)lc, l.drijt = 6.99 cm, 10.5 cm.

‘J4.5 cm, and 31.52 crII. This o])tiIIlizaf ion i- discussed below.17.31rln.21.07 (-!)/, -

Con5idcr th(’ case with L~,lft :{] .52 cm. The right half of fig, 3 shows the electron

plIiis(I-spar(I distributions without pr~bunchcr at 16 cm from the entrance of the main

undulator aIId at !LSexit. The elmtrons arr con]prcsscd in phase, but marry of them are

ncmr 10. or outsidr of, the buckc[ boun(liiry (scparatrix). Only 19% o! them ar~ within t}le

bu(.k(’t at the (’xi[. The cflicicncy and tllc gain arc 6.G18% and 3.7~., rwpcctiwly. AISO

SIIOW’11ir) tll(’ lcf[ IIiiIf of fig. 3 are the I)r(’bunchcr corl)prcsswf clv~’(ron distributicm near

th(I cntrancr 10 tlIr Illair] ~]nd[]li]tor and [II(I distribution a[ th(l (Ixit of thv main undulatory

.41 the (’xit, ‘II(’; of thr c]wtrons arc within the bucket. Tl]c (’fli(i(’l~c:: ;Ind the gain ar(’

n(’i~rl~ (1011111(1(1.to 1I .71 (’; tind (;.5(7, rwl)wt iwl)’, b}” the prcscncc of th(’ prchullchcrm

Figur(’ 4 SIIOJVS the (*flici(*rlcy and gain l)lotl(d agirinsl lJ,ir, j/. ●l (Iflici(’ncy and gain

show that wr havv a Imttvr p(’rformancr al longer L~rl J., but over-bunchirrg wcntuall~”

d(’graclw tt)(’ l)rrforll]iil)c~ l)(Irii IIs(~ over-l~ul)ch(d (’ktrons havr i] largrr phiiw sprvad ill

t II(’ il(’C(’l)lillg 1)11(’1i(’1, I:or a prol)uncllrr wit]] I.ll,,,l ~~(i Crtl. 111(’OIJIir]lull] is ilt I.(Ir, jf

:{1, fi2 c?l/,

5. Effort of” v;]ryil)g tllo ICllgtll of tllr ])rrllllll(”ll(’r Illl(llll:lt(]r.

“1’11(1])r(’l)lltlcll(lr 1(’ll~lt] IjI,u,, is Iil]lil(vl l)) ttlr coll(litioll” Ih;ll III(I (’11(’rg!’wi(llh of III(I

l)r{’l)llt)rll~xl (~llq”tro]l Illi(.rol)lllsv sIIOIII(I 1101(ISC(I(I(IIIIC’Illillilllltlll I)I](k(’t 11(’igl)[ ill III(I ]Il;lill



undulator. lloh”?~’er, this is not c]edr cut hraus(} the synchrotro]] motion of electrons

within the bucket transforms pllasr-anglr sprracl to cnmgy spread.

‘1’h(’mail] undulator. tap(r(d ~Mrd}J(J]i(a]]~” ~ith wa~”c number, is also tapered with

the on-axis IIIag II(IIic field. Know i]]g I)oth t}~c the IviIvtI nult~twr taper ~ and the on-asis

dBmagnclic field taper -~~’ , the rcsor]iin( angle WH can br exprcswd as an implicit function

of z through the variables BU and kU. (assuming the laser phase change is insignificant):

(7)

whl’rc u~ and Cu, rr~)rrscnt Ihc dil]lr]lsio]]less r]I]s vwtor potmtials for the laser and un-

dulator. rmpcctivcl~,

DifT(’rcnliating cq. (3) \vith rcspm-1 to z, \vc have

dD,,m 8 ~j ~ L,J,h ‘iktfl’

““>;” ‘r r

[
.(1C

“ m (“’:’”) “’ :’Os(::) ‘be-k”’’’sin(w‘R)M){,,s,,,
1) I’f(’r(’l]tiii[il]g (’(]. (G) \vith rcsp(’ct to z, \Y(Ifil]d

dku

()

k“,(o) ‘. O.(X-M -.,:-- .
d z L;,ly

(9)

Frol]] rqs. (i). (F). (9). alI(l (3), onr can calculate WH as a function of z. ‘1’h(’

result is sll(m]l ill fig. ,? uittl IIIr pro filvs of mi~gn(ltir field, wavcl(pngth, and bucket half

height at las(’r il]l(’llsily 1(1’‘ 11”:’crtI‘. T}](I parabolic taper st.art.s with zero resonant ar]gl(l

illl(l 511100 [111}” ill(’rrils(’s 10 10.(14’ . ll(’Cil US(’ tllr (’llilll~(’s in UL and dut arc small cwr tll(’

IIll(llllillor. III(I I)l](li(’t 11(’igtll is d lltillirlmrll at lhv n]iixirrlum rcs(mant angle wh(’r(’ th~’

r(’liiti~(l l)II~krI lIiIlf l~(ligllt i:i (2,53”;) ils (’oll]l~;lrcd to 6.OG% at. IJR ..- (J’ . l’hc half-r ncrg~.

S])1’(’;1(]!+of 11](I(Jl(~rtrol) IIlicrol)(lll(”j] 1](’;lr I1](1(1111r;ll)c(’ of 1,]1(1I]]aiil Illl(jll];llc)r are :a]rli]iil(l(l

will] 111[1Cofl(” l;l’:l,l’ ill III(’ (Irifl (iiSlilll(’(’ 2,1. !7)(’7)/, ‘1’11(’ S])r(lil(jS i3W 2.39/. 2.4%,, and 2.(;(’;

for ]]r(’l~ull(l](’r lIIIIgll IS /,1,1,,, of 4.5 r?tl. 7,5 crII, iIn(l !l, () cm, r(’spwl. iv(’iy. The sligtlt l!’

I;lrj!l’r (’llcrg} sljr(’a(l, ulli(ll is ~!1(1Il((’(1 l))” II)(I Iollg(’r l~r(’l)uttc}](’r Colllpilr(’(1 10 III(* l)I](”k(Il

(i



half height 2.53’7 dt the end of the main undu]ator, reduces both efficiency a]td gain.

Calculated efficicnc~. and gain as funrti(~ns of the pr(’buncher length Ll,un zre shown in fig.

6. IlotlI the cHiclwlcy and gain peak at l.l,Un = 7,5 en?. but variations of 0.5% in eithrr of

them arc HOI significant.

6. Spmtra of tlic extract io)l efflcimicy and the snlall allcl the large signal gains.

T}IC pr(’l)unch(>r \vi[ll L,f,, J~ - 31.52 cm and L:,Un -- 6.0 cm has a well-peaked small

sig]lal gain (-30( 7,) near 10.1 p?ll. The large signal cfficicncj and gain also arc peaked near

the design \va\(~lcngth ]0.1 ~m (fig. 7).

\l’llcn the prcbunc}lrr is rm-noved, the small signal gain peaks at thr design wavelength,

but it is ~13(Y ICSS than \vith the prel)uncher. The bandwidths as seen in fig. 7 are

larger. For Ihc large signal cf%cicnc] and gain. the spectra are much broader than with

the prcbullc}](’r (fig. 8). For both cflicirl]cy and gain, the magnitudes of the peaks are

about half IIIOSCfou]ld with tllc prcl}unch(~r installed,

7. C.olllparisol] of the bllllcll(’r u]ldulator with a parabolic undulator of equal

tofa] hwgth.

lnstcad of llii\ing ii s])acing l,~,,.~t 3] .52 cm and a Grrn prchuncher, a parabolic

undu]ator with tl]c same total length of the undu]ator system without the prebuncher is

trstcd for corr]pfirison. ,lssurlling the parabolic undutator”s Im,gth to be 137.52 cm and its

half gap to Iw 0.4.1 CTII.tlIc rfficivncy and gain arc found to hr 8,52% and 3.2(;~., rcspwtivrl~.

Tll(w ])(’r~(’[]tiig(~s nr(’ mIIch srr]all(’r tha]] those of thr l)~]l]cll(lr-[]ndulator systwn.

l’sillg (jll(]-(lil]l(’ll~iollil] I:KI. (()(i(% Itlill assul]w a paralwllc clcct,roll 1)( ’iirll I)uls(’

(1’’H”II.3I -- ]4 psrr), I II(I ~’flici(~llc~’aIId gi~ill iir(’ lcs[(’d for thr prrl]llllchcr undulat.or syst(IIII

i



in multiple pass oscillator simulations. The desynchronism is assumed to bc zero. Thr

micropulsc peak current is assunlcd t(I he 150 A.

Figur(~ 9 corllparcs th~ extraction efficiency of the prebunchcr system to the extraction

efficicnc! with t }1(’prcbunc])cr r~’l]lovcd. \! ’it h tllc prcscncc of the prcbuncher, the efficiency

rose to 9(.”; b~” l’ass 150. Flecausc of tlIc finite pulsr eflect. the e~cicncy at the peak is

smalklr b!. 23(Z than the FELP calculation. At l’ass 200, the efficiency dropped to -5!7,.

The .gnin peaks al 26(1 at Pass 70. but it drops sharply to 5% by Pass 150, where the

in[(’nsit). allcl thcI cxtriict ior) cfficicnc!” saturate. II tl~cn stays nearly constant.

For the systrrn \vithout prcbullchcr. the effici(mcy rises to -5%. by Pass 250: it then

drcrrasrs to - 4(.% and sta~”s ncarl~ constiin~. .q~ a rcsu]t, t]lc prebuncher syst~m h~~

apr)roxima(c]y 1(7 IIigher cfllcicncy wllcn si(lcbands are fully developed in both systems.

Figur(* 10 sho\\s spectra of clcctri~ field at diflcrent pass numbers. At Pass 150, only

the rcsorlant peak is present, l]o\r(,$(~r, ~[ Pass ]95, sidebands ~~art growing at both sides

of t.j~(~peak aIId III(I drop ;II efficiency]. is ohscrved (fig. 9). After 255 passes, the sideband

~it]l tl; c Iollg(’r \va\(ll(Jllgth has a ]iirgcr field strcmg!h. \?-r also SPCthe next generation of

sidebands starling to grow.

.tdditio,:al I-D finite pulw calculations yielded the following results: (1) the width of

the dcsyncl)ronislll curve was found t.o DC about 20 pm, and (2) the maximum extraction

efficirnry \\’itl) an o])ticiil cavi[y having multi layer dielectric mirrors, whose reflectivity and

phase s}~ift as ful]ct ions of fr(’qu(mc~’ wcr~ included in the calculation, increased to about

9(’(., nlc mirror rrfl(’cliv

96 Stu(]y ofl}ralil oll]i’

ti(’s pr(~vcntcd the d(wcloprncnt of sidchands in this latter result.

taIIc(’ vfl(’ct Ilsi]]g tllrcf’-dilllorlsiollnl prograrll FELEX[4].

Th(’ cfr(wt of IIIC clllit tallcc of t }1(1(’lcct ron I)eam WIaSst udid usil]g a 3-II progran].

Figure 11 sI1OW’S tll(l (’flicicIlcy and tlI(. sIIIiill and Iiirgc signal gains as functions of th(’

{Julittallc(’ for tw’o IJ])(IS of illi[ial (’l(wlrorl tralls\x’rs(’ phase-space distributions. Although

thr uniform distribution is sup(’rior to III(I (jaussial] distribution, both t}lc (’flirirrlcy an(l

H



the gain decrease rapidly as the emittance increaws. To achieve a high eficiency and high

gain. it is necessary to lla\e a high-quality electron beam. preferably ( ~ In mm . mrad.

[]; C. Shih and NI,Z. Caponi. “.1411Optilr)itrd \ll]llicomponcnt \Yiggler Design for a Free

Electron Laser Oscillator ..- IEEE J. Quantum Elect ron,. \’ol. QE-19, 369-373, 19.93.

,4,. C.i{. .ici!. J.A. E(liglloffer. S.\J’. Forr)aca. (;.E. 11(:ss. T.I. Smith, and H.A. Schwettman.-,

“The TRJf’,’Stanford Tapered 1~.iggl(’r Oscilliil or.- Nucl. Instr. and Nfeth. in

Phys. Res., A237, 199-202. 19S5,

;3: FELP is a onc-dimensions] f’rcc-elcc(ron laser codr written by B. Il. .klc\’ey,

which runs either in the continuous-twain mode or in the pulsed-beam mode.

SW also J.C. Coldstcin. “Evolution of long pulses in a tapered wiggler free-ulectron laser,.’

in Free Electron Gcncralors of Coherent Radiation, C.A. J3rau, S.F. Jacobs,

and !\l. O. SCUII!. m-is., SI’IE ~t~~, 2. ]984.

[4” FELEX is a [}lr(’(’-dirrlensiollal frc(wlvctron laser code \~rittcn by B-D. McVey;

“T}lrc(l-DiIIlrrlsiorlal Simulations of Fre(*-Electron I.ascr Physics, - to bc published in the

proc(x’dings of the ]9s5 Fre(J-Electron Laser Conference in Nucl. lnstr. and hfeth. in

Ph!”s. Rcs,. 19SG.

15: K. Halbach. Nucl, lnstr. and Nfcth. 187 (1981), 109,



Table 1. FEL parameters with prebuncher

1

-j

t

Prchunch(’r:

L!,u,,

1)/,,,,,

‘/un

IJdrl-ft

150 .4

~~

1%

In mm , mrad

100 CT))

3 kG

2.74 c?71

6 cm

2.043 A-G

3,048 cm

31,52 c7n

10.1 #m

49.5 cm

1()



Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Figm 5.

Fig. 6.

Figm 7,

Fig. 8.

Fig. 9,

Fig. 10.

Figh 11.

A prebuncher with a few periods is placed upstream of a tapered undulator.

Prebuncher period and magnetic field on axis are parametrized with the haif gap.

The electron distribution near the entrance and at the exit of the main undulator

without prebuncher (right half) and with pret)uncher (left half).

Z ~oordinatc origin is at the center of the main undulator.

Extraction eflicicncy and gain drpend on the position of th(’ capture window, which is

determined by the capture distance,

The main undulator magnetic field, wave number, bucket half height, and

corresponding resonant angle profiles.

The gain and e~cicncy depend little on the prebuncher length when the main undu]ator

is parabolically ~apcrcd.

Sprctra of small signal gain. ~xtraction efficiency. and large signal gain for the

prebuncher systmm, They show narrower bandwidths and higher performance than

without the prcbunchur.

Sp(’rtra of small signal F,ain, extraction efilciency, and large signal gain for a

parabolic ur]duliltor only. Thq have broad bandwidths.

Comparison of retraction efllcicncics with rnultiplc-pass, finite-puls(”, 1-D Cal{ ’lllillif)rls.

lnitia] risr bcfow sideband dfcct shows a large differcnrt’ between the syst(’r]]s

with and without prcbuncher.

El(’ctric firld sp(’ctra. N(’ar 200 passrs, sicl(’l)allcfs arc rising, Cl(’iirl~ r(’during

thr alr]plitud(’ of thr main peak,

‘1’hr omit t ii]]((! rapidly d(yqrti(lm thv p(’rform;irlco of thr ~ystrrrl, Extract ion (Wit ivnc)’

and gaitl d(TWilS(’ for rith(*r ullif(mllt or (itiussian transwrw cl(’ctr(m (Iislril)uliolls,

II
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Electric field spectrum
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